In scenarios with sterile (right-handed) neutrinos that are subject to an approximate "lepton-number-like" symmetry, the heavy neutrinos (i.e. the mass eigenstates) can have masses around the electroweak scale and couple to the Higgs boson with, in principle, unsuppressed Yukawa couplings while accounting for the smallness of the light neutrinos' masses. In these scenarios, the on-shell production of heavy neutrinos and their subsequent decays into a light neutrino and a Higgs boson constitutes a hitherto unstudied resonant contribution to the Higgs production mechanism. We investigate the relevance of this resonant mono-Higgs production mechanism in leptonic collisions, including the present experimental constraints on the neutrino Yukawa couplings, and we determine the sensitivity of future lepton colliders to the heavy neutrinos. With Monte Carlo event sampling and a simulation of the detector response we find that, at future lepton colliders, neutrino Yukawa couplings below the percent level can lead to observable deviations from the SM and, furthermore, the sensitivity improves with higher center-of-mass energies (for identical integrated luminosities).
Introduction
Neutrino oscillation experiments have provided us with convincing evidence that (at least two of) the neutrinos are massive. More explicitly, for the three (active) neutrinos of the Standard Model (SM), two differences between the squared masses have been observed, i.e. m 2 2 − m 2 1 = 7.54
+0.26
−0.22 × 10 −5 eV 2 and |m 2 3 − m 2 1 | = (2.43 ± 0.06) × 10 −3 eV 2 [1] . The values of the masses themselves cannot be measured via neutrino oscillations, but are bounded to lie below about 0.2 eV from neutrinoless double beta experiments and cosmological constraints, see for instance ref. [2] for a recent review. With only the active neutrino degrees of freedom of the SM, contained in the three SU(2) L -lepton doublets, it is impossible to add a renormalizable term to the SM which accounts for the observed neutrino masses.
However, renormalisable terms for neutrino masses can be introduced when right-handed (i.e. sterile) neutrinos are added to the field content of the SM. These sterile neutrinos are singlets under the gauge symmetries of the SM. They can have a so-called Majorana mass term, that involves exclusively the sterile neutrinos, as well as Yukawa couplings to the three active neutrinos from the SU(2) L -lepton doublets and the Higgs doublet.
In the simplistic case, for only one active and one sterile neutrino, with a large Majorana mass M and a Yukawa coupling y such that M ≫ y v EW , with v EW the vacuum expectation value (vev) of the neutral component of the Higgs SU(2) L -doublet, the mass of the light neutrino m is simply given by m ≈ y 2 v 2 EW /M , while the heavy state has a mass ∼ M . The prospects for observing this type of sterile neutrino at collider experiments are not very promising: In order to explain the small mass of the light neutrinos (below, say, 0.2 eV), the mass of the heavy state would need to be of the order of the Grand Unification (GUT) scale, or, alternatively, the Yukawa coupling would be tiny, such that the active-sterile mixing would be highly suppressed.
In the more realistic case of three active neutrinos and several 4 sterile neutrinos, however, the simple relation from above no longer holds and the possible values of the Majorana masses of the sterile neutrinos and the Yukawa couplings have to be reconsidered. In particular, if the theory entails a "lepton-number-like" symmetry, sterile neutrinos with masses around the electroweak (EW) scale and unsuppressed (up to O(1)) Yukawa couplings are theoretically allowed. This scenario has the attractive features, that one does not have to introduce physics (much) above the EW scale -which avoids an explicit hierarchy problem -and one also does not have to introduce otherwise unmotivated tiny couplings. Various models of this type are known in the literature (see e.g. [3] [4] [5] [6] [7] [8] ). One example is the so-called "inverse seesaw" [3, 4] , where the relation between light neutrino masses and sterile neutrinos masses is given by m ≈ ǫ y 2 v 2 EW /M 2 , where ǫ is a small quantity that parametrizes the breaking of the protective symmetry. With ǫ controlling the magnitude of the light neutrino masses, for a given M the coupling y can in principle be large.
In this work, we base our studies on a benchmark scenario which captures the essential features of the realistic case, while it remains more general then specific models: the "symmetry protected seesaw scenario" (SPSS), that has also been discussed in ref. [9] . In this model, one pair of sterile neutrinos with a generic (approximate) protective symmetry is considered, where the two sterile neutrinos have opposite charges. Additional sterile neu-trinos may exist, however it is assumed that their effects can be neglected as far as collider phenomenology is concerned. The here relevant parameters of the benchmark scenario are given by the mass parameter M , that defines the mass for the two heavy neutrinos due to the protective symmetry, and the moduli of the three Yukawa couplings |y νe |, |y νµ | and |y ντ | (or, equivalently, of the three active-sterile mixing angles, |θ e |, |θ µ |, |θ τ |). We focus on values of M around the electroweak (EW) scale, which might be relevant for collider experiments. In ref. [9] the present constraints on the active-sterile mixing for heavy neutrino masses above ∼ 10 GeV have been calculated. Therein a combination of precision experiments was considered, which includes EW precision tests, lepton-flavour-violating decays at low energies (most strongly constrained by the results from the MEG collaboration [10] ) or at the Z pole, tests of lepton universality, decays of the Higgs boson and direct searches at the large electron positron collider (LEP) by the collaborations Delphi [11] , Opal [12] , Aleph [13] and L3 [14] . Present and future constraints on EW scale sterile neutrinos have also been studied in the references in [15] .
The present experimental bounds on the neutrino Yukawa couplings (and active-sterile mixings) are ∼ 5 × 10 −2 for heavy neutrinos in the considered mass range. These bounds allow for effects of the heavy neutrinos, which could be observed at future lepton colliders 5 , such as the Future Circular Collider in the lepton mode (FCC-ee), the Circular Electron Positron Collider (CEPC) or the International Linear Collider (ILC). One of these effects is a production mechanism for the Higgs boson, which has first been considered in ref. [9] . In this mechanism the Higgs boson originates from the decay of a heavy neutrino, that has been produced on-shell, and is associated with two light neutrinos. This mechanism is referred to as resonant mono-Higgs production.
In this article, we study the mono-Higgs production mechanism in leptonic collisions for the center-of-energies of 240, 350, and 500 GeV. To be explicit, we consider the FCC-ee in the following and we expect the results to be representative for the CEPC and indicative for the ILC. In order to consolidate the previous estimate [9] for the sensitivity of the monoHiggs production cross section at 240 GeV and to supplement the sensitivities at 350 and 500 GeV, we employ Monte Carlo event generators and simulate the detector response.
The paper is organized as follows: In section 2 we introduce the symmetry protected seesaw scenario. Section 3 contains a detailed description of the individual contributions to the mono-Higgs production mechanism from the SM and the heavy neutrinos. In the first part of section 4 we estimate the event counts and derive a parton-level sensitivity. In the second part of section 4 we extract a realistic sensitivity from a Monte Carlo event sample (including the SM background), including the simulation of the detector response. We discuss our results and conclude in section 5.
Sterile neutrinos at the electroweak scale
As mentioned in the introduction, it is possible to have sterile (right-handed) neutrinos with masses around the electroweak (EW) scale and unsuppressed (up to O(1)) Yukawa couplings, when a "lepton-number-like" symmetry is realized in the theory. The relevant features of seesaw models with such a protective symmetry may be represented in a benchmark scenario, which we refer to as the "symmetry protected seesaw scenario" (SPSS) (see also [9] ) in the following.
The symmetry protected seesaw scenario
In the SPSS, we consider a pair of sterile neutrinos N I R (I = 1, 2) and a suitable "leptonnumber-like" symmetry where N 1 R (N 2 R ) has the same (opposite) charge as the left-handed SU (2) L doublets L α , α = e, µ, τ . The masses of the light neutrinos and other (suppressed) lepton-number-violating effects arise, when this symmetry gets slightly broken. 6 For the discussion of (lepton-number-conserving) signatures at lepton colliders, however, the effects from the small breaking of the protective symmetry will be neglected.
The Lagrangian density of a generic seesaw model with two sterile neutrinos in the symmetric limit is given by
where we omitted the kinetic terms of the sterile neutrinos, L SM contains the usual SM field content and with L α and φ being the lepton and Higgs doublets, respectively. The y να are the complex-valued neutrino Yukawa couplings and the sterile neutrino mass parameter M can be chosen real without loss of generality. Note that the benchmark scenario posits exactly two right-handed neutrinos, which we assume to be dominating the collider phenomenology. Furthermore, it captures the general features of symmetry protected seesaw scenarios with more than two right-handed neutrinos, provided that the effects of the additional right-handed neutrinos can be neglected. This can be the case, when the additional sterile neutrino(s) has large masses, or, alternatively, has zero charge under the "lepton-number-like" symmetry. In the limit of exact symmetry, the additional sterile neutrino(s) indeed decouples from the other particles, since no Yukawa couplings to the lepton doublets are allowed and they cannot mix with the other sterile states.
In the SPSS, the mass matrix of the two sterile neutrinos and the neutrino Yukawa matrix take the form
where the zeroes correspond to the case of the "lepton-number-like" symmetry being exactly realised and are replaced with small quantities when the symmetry is slightly broken. After EW symmetry breaking, we can write the 5 × 5 mass matrix of the electrically neutral leptons as:
We remark that the leptonic mixing matrix, as shown above, is unitary up to second order in θ α . The elements of the non-unitary 3 × 3 submatrix N , which is the effective mixing matrix of the three active neutrinos, i.e. the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, are given as
with U ℓ being a unitary 3 × 3 matrix. Thus, in the limit of exact symmetry, the SPSS introduces seven additional parameters to the theory, the moduli of the neutrino Yukawa couplings (|y νe |, |y νµ |, |y ντ |), their respective phase, and the sterile neutrino mass M , which can be studied in the context of collider phenomenology.
Weak interactions of the light and heavy neutrinos
Due to the mixing between the active and sterile neutrinos, the light and heavy neutrino mass eigenstates interact with the weak gauge bosons. The gauge interactions can be expressed by the currents of the neutral fermions in the mass basis, that are given by
where g is the weak coupling constant, c W is the cosine of the Weinberg angle and
is the left-chiral projection operator, and where the the mass eigenstatesñ j of the active and sterile neutrinos are defined as
Moreover, the neutrino mass eigenstates interact with the Higgs boson. The Yukawa terms in the mass basis, expanded up to O(θ 2 ), can be expressed as
with
The partial decay widths of a sterile neutrino into weak gauge bosons and the Higgs boson, if kinematically allowed, are
where we introduced µ X = m X /M , G F as the Fermi constant, and the kinematic factor
For M ≫ m h = 125 GeV, the above partial decay widths result in branching ratios of the heavy neutrinos via W : Z : H like 2:1:1.
Input parameters
For the determination of the theory parameters, we use the set of input parameters with the highest experimental precision, i.e. the mass of the Z boson, the fine structure constant (at the Z pole) and the Fermi constant [1] . We note that the Fermi constant is inferred from the decays of the muon and interpreted in the context of the SM, such that we denote it by G SM F in the following. In order to obtain the Fermi constant in the context of the SPSS, it can be related to G SM F by comparing the respective theory predictions for the muon decay cross sections. With the definition of the charged current interactions, according to eq. (8a), the cross section in the SPSS, for heavy neutrino masses M ≫ m µ , is given by
where the summation over all possible final states is implied. Due to the non-unitarity of the PMNS matrix from eq. (7), the first factor on the right-hand side of the above equation is not equal to one, such that the cross sections for muon decay are different in both theories. The relation in eq. (14) between the cross sections fixes the relation of the Fermi constant in the context of the SPSS and the SM to (see e.g. [9, 17, 18] )
This leads to a modification of the theory prediction for a number of other SM parameters, which will in the remainder of this paper be referred to as "non-unitarity effects". In particular, the theory prediction for the weak mixing angle θ W (or, more commonly used, sin θ W ) at tree level (or in the on-shell scheme at any loop order) can be expressed as
From the relation m 2 Z c 2 W = m 2 W , we obtain the modified prediction for the W boson mass. Furthermore, the vev of the Higgs boson in the SPSS is given by
A more detailed discussion and up-to-date constraints on the model parameters can be found in [9] .
3 Mono-Higgs production at future lepton colliders
The experimental signature of a resonant peak at the Higgs boson mass in the invariant mass spectrum of its decay products plus significant amount of missing energy, we refer to as mono Higgs. In the here considered SPSS the missing energy is due to the light neutrinos escaping detection. We note that the heavy neutrinos decay inside the detector volume for the here considered active-sterile mixings and masses. In this section we study the effects of sterile neutrinos on the cross section for mono-Higgs production in the context of future lepton colliders, i.e. the process
Generally, in the SPSS we can split the total cross section for this process into the following three contributions
The first contribution is the expression for mono-Higgs production in the SM, with the two main mechanisms for Higgs production given by Higgs strahlung and W W fusion. The second contribution contains exclusively the non-unitarity effects which modify the lowenergy input parameters as well mixing of the active neutrinos. The third contribution includes the direct production of Higgs bosons from the decays of heavy neutrinos. The remainder of this chapter is dedicated to the study of these contributions, up to second order in the active-sterile mixing angles in the context of the considered future lepton collider options.
We focus on the center-of-mass energies √ s = 240, 350 GeV, that are being discussed for the FCC-ee [19] (and the CEPC [20] ) to study the properties of the Higgs boson and top quark, respectively. We will also include √ s = 500 GeV, which can be reached according to present discussion by the FCC-ee working group, see e.g. ref. [21] . We remark, that the here considered center-of-mass energies together with integrated luminosities of order ab −1 can also be achieved by the ILC [22] . However, since the linear colliders are considering polarised beams, we limit the discussion in the following to the circular machines. The relevant machine performance parameters are listed in tab. 1.
√ s 240 GeV 350 GeV 500 GeV Experiments FCC-ee, CEPC FCC-ee (CEPC, ILC) FCC-ee (ILC) Luminosity/year 3.5 ab −1 1.0 ab −1 0.3 ab −1 years 3 3.5 3 Table 1 : Different center-of-mass energies, with currently discussed target integrated luminosity for the FCC-ee [19, 21] , that are also representative to some extent for the CEPC [20] . The ILC is included in parentheses, because it is foreseen to operate with polarised beams, which is not considered in the following.
Mono-Higgs production in the SM
At e + e − colliders, the most important SM-Higgs-production mechanisms are Higgs strahlung, e + e − → Z * → Zh and W W fusion, e + e − → hν e ν e , respectively. The fraction of the Z decays into neutrinos constitutes the Higgs strahlung contribution to the mono-Higgs signature. Notice that in W W fusion only electron neutrinos are produced, (since there is no flavour mixing in the SM,) contrary to Higgs strahlung, where all neutrino flavours are produced equally. The Feynman diagrams for the two mono-Higgs-production mechanisms are shown in fig. 1 , where we omit the display of explicit indices of the final state neutrinos. The contribution to the cross section for mono-Higgs production from Higgs strahlung can be expressed in the narrow width approximation as
where the branching ratio Br(Z → νν) is set to 20.0% and we implicitly summed over all combinations of final states. The SM Higgs strahlung cross section is given by [23] 
with the center-of-mass energy √ s, the axial-and vector-coupling of the electron-current to the Z boson a e = −1/2 and v e = −1/2 + 2s 2 W , and the phase-space factor
The contribution to the cross section for mono-Higgs production from W W fusion is [23] 
with the phase space factor where
. The mono-Higgs-production cross section σ SM hνν is given by the sum of σ W W hνν , σ HZ hνν and a contributing interference term. We show in fig. 2 the individual contributions to the mono-Higgs-production cross section, their naive sum, and the total cross section. For the sake of simplicity, we neglect the interference term in the following discussion. This is a good approximation since at 240 and 350 GeV it contributes less than 5% to the total cross section. We emphasize, however, that in our analysis we use the full expression for σ SM hνν . As we can see from fig. 2 , the cross section for mono-Higgs production at √ s = 240 GeV is dominated by the contribution from Higgs strahlung, contrary to √ s = 500 GeV, where the contribution from W W fusion has taken over.
Non-unitarity effects in mono-Higgs production
In this section, we discuss how the effects from the modified properties of the light (mostly active) neutrinos lead to a deviation of the mono-Higgs-production cross section from the SM prediction. This modification manifests itself in the non-unitarity of the effective PMNS matrix N which we refer to as the non-unitarity effects. Note that these effects do not include exchange, nor production and decay, of the heavy neutrinos. One part of the non-unitarity effects stem from the modification of the input parameters, as described in section 2.3. In particular, the dependence of the Fermi constant on the active-sterile mixing parameters, cf. eq. (15), introduces a global change in the definitions for σ HZ hνν and σ W W hνν , see eqs. (21) and (23) . Also the electroweak parameters sinθ W and m W add to the effect.
The other part of the non-unitarity effects comes from the modification of the vertices according to eq. (8) , where the non-unitary PMNS matrix enters. The partial mono-Higgsproduction cross section σ HZ hνν is therefore proportional to
where the flavour index "e" is fixed by the incident lepton beams. Notice that it is possible to have two different light neutrinos in the final state, i.e. i = j.
We combine the above discussed non-unitarity effects and expand in the small activesterile mixing parameters to order θ 2 , so that we can write the deviation from the SM predicted mono-Higgs-production cross section as:
The coefficients c α are dependent on the center-of-mass energy: firstly, the relative contribution from Higgs strahlung and W W fusion to the total cross section varies with √ s, and, secondly, both diagrams vary differently with the active-sterile mixing parameters. In tab. For |θ τ | substantially smaller than |θ e,µ |, the deviation in the cross section due to nonunitarity is positive, contrary to the case of dominating |θ τ |, where the negative coefficient c τ in eq. (25) leads to a negative deviation in the cross section which is formally given by a negative σ Non-U hνν .
Resonant mono-Higgs production from sterile neutrinos decays
The last contribution to the mono-Higgs-production cross section, σ Direct hνν , includes the effects from the exchange of virtual heavy neutrinos, see fig. 3 , for the corresponding Feynman diagrams. We note that the contribution from the s-channel Higgs-exchange diagram to the production of heavy neutrinos is neglected, due to the smallness of the electron Yukawa coupling. This diagram might become relevant when considering muon colliders. The onshell production and subsequent decay of a heavy neutrino into a Higgs boson and a light neutrino, yields a resonantly enhanced contribution to the mono-Higgs production.
The expression σ Direct hνν also includes the interference between the amplitudes stemming from the Feynman diagrams in fig. 1 , and those from the diagrams in fig. 3 . It turns out that the interference of these two sets of amplitudes is negligible, because one part is proportional to the small ratios We therefore write to a very good approximation with the branching ratios for the heavy neutrinos derived from eqs. (12) , and the production cross section σ(e + e − → N j ν i ), that can be found for instance in ref. [26] . We show σ Direct hνν as a function of the heavy neutrino mass M for four different center-of-mass energies in the two panels of fig. 4 , using eq. (26) . In order to illustrate the effects of the different θ α , in the left panel of the figure we use the values |θ e | 2 = 0.0018, |θ µ | = |θ τ | = 0 and in the right panel the values |θ τ | 2 = 0.0042, |θ e | = |θ µ | = 0. Both sets of example values are within the 1σ upper bound given in ref. [18] .
Some remarks on fig. 4 are in order at this point. The right panel shows the contribution to the production cross section coming exclusively from the s-channel exchange of a Z boson, cf. the right diagram in fig. 3 , which is proportional to α |θ α | 2 . Notice, that the production cross section decreases with increasing center-of-mass energy, since this contribution is suppressed ∼ fig. 2 it is evident that the resonant contribution from heavy neutrinos can indeed be sizeable, and becomes more relevant at higher energies. Therefore, for center-of-mass energies of 240 GeV or higher, this results in σ Direct hνν being mostly sensitive to |θ e |, since the vertex of the W boson with the heavy sterile neutrino and the electron is proportional to the matrix element U 14 or respectively U 15 of the leptonic mixing matrix, cf. eq. (6), with both matrix elements being proportional to |θ e |. We remark that a muon collider (see e.g. [27] ) would allow to test the parameter |θ µ | with great precision and sterile neutrinos with large masses.
Simulation and analysis
In this chapter we quantify the contribution from the decays of sterile neutrinos (cf. diagrams in fig. 3 ), which is considered to constitute the signal for our analysis, over the SM background (corresponding to the diagrams in fig. 1 ) through an analysis of Monte Carlo generated event samples. We first analyse the sterile neutrino effects at the parton level, and then include also the simulation of the detector response. In our analysis we consider processes at the tree level, which is sufficient since in our scenario the one-loop level effects are negligible (cf. [28] ). Furthermore, we include effects up to order θ 2 in the as a function of the heavy neutrino mass. Left: The active-sterile mixing parameter |θe| 2 = 0.0018 is chosen to saturate the 1σ upper bound from ref. [9] , while |θµ,τ | = 0 are used. Right: Active-sterile mixing parameter |θτ | 2 = 0.0042, which saturates the 1σ upper bound, while |θe,µ| = 0. In this figure, the formula from ref. [26] has been used for σ(e + e − → ν N ).
active-sterile mixing parameters. In order to extract the flavour information from the neutrino Yukawa couplings, we use the present constraints from [9] and analyse the effect of each one individually.
Three cases: As discussed above, the SPSS has four parameters that are relevant for our considerations: |y νe |, |y νµ |, |y ντ | and the sterile neutrino mass M . In the following, to investigate the effects of the Yukawa couplings separately, we will consider the three limiting cases where only one of them is non-zero:
Case I: Effects from |y νe | ↔ y νe = 0, y νµ = 0, y τµ = 0 ,
Case II: Effects from |y νµ | ↔ y νe = 0, y νµ = 0, y τµ = 0 ,
Case III: Effects from |y ντ | ↔ y νe = 0, y νµ = 0, y τµ = 0 .
Present constraints on the sterile neutrino parameters: The constraints have recently been calculated in [9, 18] , based on a large set of observables, including e.g. the present bounds on EW precision observables, universality test, lepton flavour violating charged lepton decays and the direct searches for neutral leptons at LEP. For heavy neutrino masses in the range m Z ≤ M ≤ √ s, with √ s = 240, 350 and 500 GeV, the constraints can be expressed as upper bounds on the neutrino Yukawa couplings, which, at the 1σ Bayesian confidence level, can be approximated by:
Analysis at the parton level
As a first step, we consider the contribution from sterile neutrinos to the mono-Higgs production at the parton level. This analysis allows us to establish an order-of-magnitude estimate for the sensitivity of this process to the neutrino Yukawa couplings, and the deviation from the SM prediction. In order to generate the event distributions at the parton level, we implemented the sterile neutrino (SSPS) benchmark model via Feynrules [29] into the Monte Carlo event generator Madgraph5 aMC@NLO [30] and analysed the output with madanalysis5 [31] .
Definition: signal, background, and significance
At the parton level, the investigated final state is given by a Higgs boson and two neutrinos, i.e. Higgs boson plus missing energy. We define the signal of our analysis to be given by the events that are produced via resonant mono-Higgs production from sterile neutrinos, see section 3.3, together with the events stemming from the non-unitarity contribution in section 3.2. The number of signal events is thus given by N S = σ hνν − σ SM hνν × L , with the integrated luminosity L according tab. 1. Notice that due to the indirect effect from the input parameters σ hνν may be smaller than σ SM hνν in case III. We define the background by the events that stem from Higgs strahlung and W W fusion in the SM (i.e. with active-sterile mixing set to zero), as discussed in section 3.1. The number of SM predicted background events is therefore simply given by N B = σ SM hνν × L. In order to quantify differences between the two models, we define the significance:
The denominator corresponds to the statistical standard deviation of the total number of events, which is equivalent to the 1σ standard deviation when normal distributions are assumed 7 . The above defined significance therefore measures the difference in event counts between the SM and the SPSS in units of standard deviations.
Number of signal events
We estimate the number of mono-Higgs-produced signal events N S , stemming from each flavour corresponding to the cases I,II and III of eq. (27) , that are compatible with the present upper bounds on |y νe |, |y νµ | and |y ντ | from eq. (28) for the FCC-ee. The number of signal events were calculated from the Madgraph5 aMC@NLO-generated cross sections for eight values of M at 240 GeV and nine values of M for each, 350 and 500 GeV. They typically lead to an excess over the number of background events and are shown, together with the number of background events, in fig. 5 , for the considered center-of-mass energies: In the figure, the blue and red lines show the results for the cases I and II, respectively, where the parameters |y νe | and |y νµ | are non-zero. For case III, with non-zero |y ντ |, a partial cancellation between non-unitarity effects and direct production of heavy neutrinos occurs. The situation, where σ hνν < σ SM hνν is shown by the dashed green line, while σ hνν > σ SM hνν is denoted by the solid green line. The number of SM background events is shown as a solid black line. The dashed black line corresponds to √ N B ≈ √ N B + N S for the here considered event numbers.
As fig. 5 shows, up to O(10 5 ) signal events on the parton level can be produced for the machine parameters from tab. 1, when non-zero |y νe | compatible with its present bounds is considered. Comparing this to the SM predicted number of background events N B we see that the contribution of the heavy neutrinos to the mono-Higgs-production cross section can be sizeable. As anticipated in the previous section, |y νe | has by far the largest impact on the mono-Higgs production cross section.
Sensitivity to sterile neutrino parameters
We now turn to the possible sensitivity of the mono-Higgs channel at future lepton colliders (cf. tab. 1) to the neutrino Yukawa coupling |y νe | (respectively the active-sterile mixing parameter |θ e |) for a given M . The sensitivity is defined as the value of |y νe | that corresponds to a significance of S = 1 (cf. eq. (29)), i.e. to a signal at the 1σ level. 8 Notice, that the sensitivity to the neutrino Yukawa couplings y νµ and y ντ does not improve the present bounds, which is why we omit to discuss the sensitivity for case II and III. We show the resulting sensitivity to the modulus of the neutrino Yukawa coupling y νe in fig. 6 . In the figure, the red, blue and green line corresponds to the sensitivities for √ s = 240, 350 and 500 GeV, respectively, and the black dashed line denotes the present constraints from [9] . We have simulated 10 6 background events and the same number of events for eight values of M for √ s = 240 GeV, and nine values of M for each, √ s = 350 and 500 GeV. For each simulation, we have optimised the cuts to obtain highest sensitivity. Remarkably, apart from probing a wider mass range, the sensitivity to |y νe | at 350 GeV is comparable to the center-of-mass energy of 240 GeV, despite the lower integrated luminosity. The same is true for 500 GeV, where 1 ab −1 can lead to comparable sensitivities to 350 and 240 GeV even for M ∼ 200 GeV, which is due to the evolution of σ SM hνν and σ Direct hνν with the center-of-mass energy. Furthermore it is worth noting that for M < m h and √ s < M the sensitivity stems from non-unitarity effects, i.e. the indirect effects from active-sterile mixing on the input parameters and the modified interactions of the light neutrinos. In this case the number of signal events is given by eq. (25). For √ s = 240 GeV we find that even for M < m h and √ s < M , the present constraints on y νe allow for a ∼ 1σ deviation from the SM prediction for the mono-Higgs-production cross section.
Reconstruction with the ILD detector
In this section we describe the relevant SM background and how to extract the mono-Higgs candidates from the reconstructed events after the simulation of the detector response. From those mono-Higgs candidate events we calculate a more realistic sensitivity of the mono-Higgs channel to the neutrino Yukawa coupling y νe . Furthermore, we show that the resonant mono-Higgs production can also lead to a contamination of the mono-Higgs candidate event sample, when "standard cuts" are applied. For the analysis we have generated the signal and background with the Monte Carlo event generator WHIZARD 2.2.7 [24, 25] , which allows for the appropriate simulation of leptonic collisions including initial state radiation. We remark that the effects from beamstrahlung are negligible for the here considered center-of-mass energies and will be neglected in the following. The parton showering and hadronisation has been carried out with PYTHIA 6.427 [32] and the events were reconstructed with the ILD detector card using Delphes 3.2.0 [33] .
Signal and background in the mono-Higgs channel
For the analysis at the reconstructed level, the parton level final states have to be transformed into reconstructed objects. In particular, the light neutrinos manifest themselves as missing energy, and the Higgs bosons decay into bb (57.7%), W W * (21.6%), gg (8.50%), τ + τ − (6.37%), cc (2.66%), and ZZ * (2.46%). Higgs boson candidates can be reconstructed from its decay products, which have an invariant mass around m h . In order to obtain better statistics for resonantly produced mono-Higgs events from heavy neutrino decays, we focus on the Higgs decays into two hadronic jets (di-jet) which have a very large combined branching ratio of ∼ 70%. The di-jet plus missing energy signature comprises our monoHiggs search channel such that we select events with two hadronic jets with an invariant mass of 100 GeV ≤ M jj ≤ 140 GeV.
The signal is here given by events that stem from the decays of the heavy neutrinos, which add to the number of events in the search channel. When considering inclusive processes on the reconstructed level, two mechanisms involving heavy neutrinos contribute to the signal: the resonant mono-Higgs and the resonant mono-Z production mechanisms, where the latter is defined analogously to the former, with the Z originating from the decay of a heavy neutrino. However, the invariant mass of the resonant mono-Z produced di-jet is ∼ m Z , such that the above defined cuts for the mono-Higgs search channel essentially remove this contribution from the signal. We remark that the resonant mono-Z production constitutes an independent search channel for the heavy neutrinos, and provides an important consistency check for this model, because the relative amount of additional (resonantly produced) events at the Higgs and Z pole, respectively, is predicted by the model parameters. A detailed study of this channel is beyond the scope of this paper and is therefore left for future work.
For the SM background, we include all processes with a four fermion final state, that can be (mis-)identified as a mono-Higgs-candidate event. We do not consider processes with di-electrons or di-muons in the final state as background, because it is very unlikely to misidentify two light leptons as a jet at the same time.
The dominating background is given byνν, with q = b, c, g stemming from monoHiggs production in the SM, cf. section 3. In addition to the mono-Higgs production process, we find the subdominant background consists in processes withνν final states, where the quarks q = b, c, s, d, u are produced via gauge bosons and in radiative processes. We note that, due to our selection criterion of the invariant di-jet mass being around m h , most of the backgrounds that stem from gauge boson decays are efficiently suppressed to below the percent level. Other subdominant backgrounds come from final states with four hadronic jets, e + e − plus di-jet, 2 τ -jets plus di-jet, and single-top and tt final states, when kinematically allowed.
We simulate and reconstruct 10 5 events for each final state, with the exception for dib-jet plus missing energy, where 3×10 6 events have been simulated and reconstructed. We note that we simulate inclusive processes such that the interference between the possible production mechanisms is accounted for. A detailed list of the included backgrounds and their corresponding cross sections is given in tab. 4 in the Appendix.
For illustrative purposes we show the di-jet invariant mass distribution in the monoHiggs search channel in fig. 7 . Therein the center-of-mass energy is set to 240 GeV and the model parameters are set to M = 152 GeV and |y νe | = 0.036, which saturates the present upper bounds at 1σ. The dominant and subdominant background is represented by the red and green area, respectively. The figure shows how resonant mono-Higgs production, represented by the blue area, contributes substantially to the SM predicted number of events.
Kinematic cuts
For the analysis in the following, we first select the mono-Higgs search channel by applying the above defined selection criteria. After this pre-selection we study the kinematic distributions of the di-jet momentum (P jj ), the missing transverse momentum ( E T ), the angular separation of the two jets, and the momentum and energy of the individual jets. We find that the most efficient observable to enhance the significance of the signal, cf. eq. (29), is given by P jj . Furthermore, the E T is very powerful in removing the non-mono-Higgs SM background at √ s = 240 GeV. A detailed list of the applied cuts and the resulting efficiencies can be found in tabs. 5, 6 and 7 in the Appendix. A comment on b-tagging is in order at this point. We find that, with a nominal selection efficiency of ∼ 0.7 for a b-flavoured heavy jet, the resulting sensitivity at 240 GeV does The di-jet invariant mass spectrum in the mono-Higgs search channel (jj plus missing energy) after simulation of the ILD detector response at Ecm = 240 GeV. The red and green area denote the dominant and subdominant background, respectively, see text for further details. The blue area denotes the signal from a heavy neutrino with a mass of 152 GeV, and a Yukawa coupling to the electron flavour, yν e , saturating the present upper bounds from precision data [9, 18] .
not improve the one derived from blindly accepting all hadronic jets. We therefore neglect b-tagging, which may become relevant when a more sophisticated kinematic analysis is applied.
Future lepton collider sensitivity to the active-sterile mixing parameters
To establish the sensitivity of the mono-Higgs search channel at future lepton colliders to the active-sterile neutrino mixing, we use the definition from section 4.1.3 for a significance of 1σ. In order to enhance the sensitivity, we have employed a series of kinematic cuts that are listed in tabs. 5, 6 and 7 in the Appendix, together with the resulting numbers of signal and background events. The resulting sensitivities to the neutrino Yukawa coupling |y νe | for the considered center-of-mass energies are shown in fig. 8 for several values of the heavy neutrino mass:
The figure shows that, despite the increased background after reconstruction, the resulting sensitivities from the parton level (denoted by the dotted lines) and the reconstructed level are comparable in magnitude 9 . Values of the neutrino Yukawa coupling y νe above the solid lines give rise to a signal that can be distinguished from the SM background with a significance larger than 1σ. The sensitivity at 500 GeV is competitive with 240 and 350 GeV, even for heavy neutrino masses M ≤ 250 GeV and despite the lower luminosity. Moreover, for values of the heavy neutrino mass above the kinematic threshold (i.e. M > √ s), the signal is due to the non-unitarity effects in mono-Higgs production (cf. section 3.2), however the corresponding sensitivity is weaker than the present bound. We remark that resonant mono-Higgs production can give rise to events with larger amount of missing energy compared to the SM. This provides an unambiguous signal without SM background. However, the here considered target luminosities results in O(1) and O(10) signal events at 240 and 350 GeV, respectively, such that they do not provide an improvement of the sensitivity. We note, that at 500 GeV, the considered luminosity results in less than O(1) events of this kind.
Altogether the FCC-ee shows a remarkable sensitivity to the electron neutrino Yukawa coupling which leads to very promising prospects for discovering heavy neutrino signals in the mono-Higgs channel.
Contamination of SM Higgs-boson parameters
For the analysis of the Higgs boson at future lepton colliders so-called "standard cuts" have been defined 10 in [34] , which we show in tab. 3. Those cuts are designed to improve the ratio of mono-Higgs events over SM background events. However in the case of resonant mono-Higgs production they turn out not to be as efficient in filtering out the additional events from heavy neutrino decays, as is shown in tabs. 5 and 6. This contamination of the sample of mono-Higgs events can lead to a deviation from the theory prediction, for instance in the mono-Higgs production cross section, when interpreted in the context of the SM. We remark that no "standard cuts" for 500 GeV exist, and it has only been considered for the FCC-ee very recently. Thus, even though this center-of-mass energy constitutes an excellent environment for studying the mono-Higgs channel, we do not include it in the following.
In fig. 9 we show the ensuing deviation of the contaminated mono-Higgs production √ s 240 GeV 350 GeV Missing Mass [GeV] 80
|P | < 30 |P | < 60 Di-jet Mass [GeV] 100 ≤ M jj ≤ 130 100 ≤ M jj ≤ 130 Angle (jets) [Rad] α > 1.38 α > 1.38 Table 3 : "Standard cuts" from ref. [34] to optimize the ratio of mono-Higgs signal to SM background for future lepton colliders. cross section from the SM prediction, for |y νe | saturating the present upper bound. The statistical accuracy at 1σ are denoted by the black and grey dashed lines for 240 and 350 GeV, respectively. The figure shows that the deviation of the mono-Higgs production cross section can be significant compared to the experimental accuracy. This can lead to a discrepancy when comparing the Higgs properties derived from the contaminated monoHiggs sample with the other Higgs channels at 240 GeV [20] . Moreover, up to a 3σ deviation from the SM predicted mono-Higgs production cross section is possible at 240 GeV and at 350 GeV the deviation can be larger than 5σ. We emphasise that the shown deviation of the mono-Higgs-production cross section from the SM prediction is fully compatible with present constraints on the active-sterile mixing. Furthermore, if the present non-zero best-fit value for |θ e | as reported in refs. [9, 18, 35] get confirmed, an observable deviation in the number of mono-Higgs events would be a prediction.
Summary and conclusions
In this work we have studied Higgs production from sterile neutrinos at future lepton colliders. We have considered a scenario with a pair of sterile (right-handed) neutrinos that are subject to an approximate "lepton-number-like" symmetry. In this scenario the heavy neutrinos (i.e. the mass eigenstates) can have masses around the electroweak scale and couple to the Higgs boson with, in principle, unsuppressed Yukawa couplings while accounting for the smallness of the light neutrinos' masses. We refer to this as the "symmetry protected seesaw scenario" (SPSS).
The sterile neutrinos in the SPSS enable a novel Higgs production mechanism, given by the on-shell production of a heavy neutrino and its subsequent decay into a light neutrino and a Higgs boson: resonant mono-Higgs production. Due to the comparatively large neutrino Yukawa couplings inducing large active-sterile neutrino mixings, the heavy neutrinos can be produced efficiently from lepton collisions. Therefore, future lepton colliders provide a promising environment for testing heavy neutrinos, including signals from resonant mono-Higgs production.
On the contrary, in hadronic collisions the heavy neutrinos can only be produced from the decays of a weak gauge boson, which results in a strong suppression of the heavyneutrino-production cross section. In addition there are large QCD backgrounds, and only transversal projections of the kinematic observables can be studied. Altogether, the sensitivity to the resonant mono-Higgs production at the LHC is much weaker than at the here considered future lepton colliders (see ref. [16] ).
In order to assess the prospects for testing resonant mono-Higgs production at future lepton colliders, we consider the FCC-ee in the following and we expect the results to be representative for the CEPC and indicative for the ILC.
For √ s we consider 240 GeV, 350 GeV and 500 GeV as currently discussed in the working groups. We have generated Monte Carlo event samples for the SM background and the heavy neutrino signal, where we used the present 1σ upper bounds for the activesterile mixing parameters and we simulated the detector response. We find that the number of resonantly produced mono-Higgs events can be as large as ∼ 10% of the SM predicted number at 240 GeV. Furthermore, the upper bound on the resonant mono-Higgs events can be up to ∼ 30% and ∼ 40% at √ s of 350 and 500 GeV, respectively. Via the mono-Higgs channel, the FCC-ee would be sensitive to the neutrino Yukawa coupling |y νe | (respectively to the active-sterile mixing parameter |θ e |) down to ∼ 5 × 10 −3 (cf. fig. 8 ). Interestingly, higher √ s not only allows for an increased range of testable heavy neutrino masses M , but also the signal-to-background ratio increases such that a comparable sensitivity can be achieved with less integrated luminosity. Moreover, we have shown that the resonantly produced mono-Higgs events can effectively contaminate the SM analysis of the mono-Higgs channel, as shown in fig. 9 . With |θ e | within the present 1σ upper bounds, this can lead to deviations from the SM prediction at the percent level, much larger than the estimated future accuracy.
In summary, we discussed a novel channel for Higgs production, namely resonant monoHiggs production from sterile neutrinos. It can induce sizeable deviations from the SM mono-Higgs prediction and can be used as a sensitive probe of sterile neutrino properties at lepton colliders. Table 7 : List of kinematic cuts for the extraction of the sensitivity in fig. 8 . For all benchmark points for the heavy neutrino mass M at √ s = 500 GeV, the pre-selection cuts have been slightly loosened to 100 GeV ≤ Mjj ≤ 140 GeV.
